To ensure a successful infection, herpesviruses have developed elegant strategies to counterbalance the host anti-viral responses. Sterile alpha motif and HD domain 1 (SAMHD1) was recently identified as an intrinsic restriction factor for a variety of viruses. Aside from HIV-2 and the related simian immunodeficiency virus (SIV) Vpx proteins, the direct viral countermeasures against SAMHD1 restriction remain unknown. Using Epstein-Barr virus (EBV) as a primary model, we discover that SAMHD1-mediated anti-viral restriction is antagonized by EBV BGLF4, a member of the conserved viral protein kinases encoded by all herpesviruses. Mechanistically, we find that BGLF4 phosphorylates SAMHD1 and thereby inhibits its deoxynucleotide triphosphate triphosphohydrolase (dNTPase) activity. We further demonstrate that the targeting of SAMHD1 for phosphorylation is a common feature shared by beta-and gamma-herpesviruses. Together, our findings uncover an immune evasion mechanism whereby herpesviruses exploit the phosphorylation of SAMHD1 to thwart host defenses.
INTRODUCTION
Human herpesviruses are ubiquitous pathogens that establish lifelong persistent infections and are associated with a variety of diseases ranging from cold sores to mononucleosis, birth defects, and cancers. During a long period of co-evolution with their hosts, these viruses have established multiple strategies to combat the cellular defense systems. The eight human herpesviruses discovered to date are classified into three subfamilies, alpha-, beta-, and gamma-herpesviruses. The alpha-herpesviruses consist of herpes simplex 1 and 2 (HSV-1 and HSV-2) and varicella-zoster virus (VZV); the beta-herpesviruses include human cytomegalovirus (HCMV), human herpesvirus 6 (HHV-6), and human herpesvirus 7 (HHV-7); and the gamma-herpesviruses are Epstein-Barr virus (EBV) and Kaposi sarcomaassociated herpesvirus (KSHV) (Gershburg and Pagano, 2008; Li and Hayward, 2013) . Although these herpesviruses express a limited number of latency-associated genes, they each encode a large number of functionally conserved lytic genes that are critical for efficient virus replication and spread. Among the conserved lytic gene products are the orthologous serine and threonine protein kinases, namely HSV-1/2 UL13, VZV ORF47, HCMV UL97, HHV-6/7 U69, EBV BGLF4, and KSHV ORF36 (Gershburg and Pagano, 2008; Li et al., 2011) . These viral protein kinases are referred to as conserved herpesvirus protein kinases (CHPKs). CHPKs have been shown to interact with and potentially phosphorylate a variety of cellular proteins to benefit viral replication (Calderwood et al., 2007; Li et al., 2015 Li et al., , 2011 . Deletion and inhibition of CHPKs block the replication of EBV, HCMV, HSV-1, and murine gamma-herpesvirus 68 (MHV68) (El-Guindy et al., 2014; Feederle et al., 2009; Gershburg et al., 2007; Li et al., 2011; Prichard et al., 1999; Shibaki et al., 2001; Tarakanova et al., 2007; Wolf et al., 2001 ).
Although CHPKs from beta-and gamma-herpesviruses are structurally similar to the cellular cyclin-dependent kinases 1/2 (CDK1 and CDK2) (Kuny et al., 2010; Romaker et al., 2006) , recent studies from our lab and others suggest that these CHPKs have a broader substrate recognition than the cellular ortholog CDKs (Li et al., 2011 (Li et al., , 2015 Oberstein et al., 2015; Umaña et al., 2018; Zhu et al., 2009) . The mimicry of CDK activity by CHPKs results in the phosphorylation of cell-cycle-related proteins to create a pseudo-S-phase environment suitable for efficient viral DNA replication (Chen et al., 2010; Hume et al., 2008; Iwahori et al., 2009 Iwahori et al., , 2015 Kawaguchi and Kato, 2003; Kudoh et al., 2006; Kuny et al., 2010; Lee et al., 2007) . CHPKs actively trigger the host DNA damage response through the TIP60-ATM-H2AX axis but suppress interferon response through inhibiting IRF3 activity (Hwang et al., 2009; Li et al., 2011; Ma et al., 2015; Tarakanova et al., 2007; Wang et al., 2009 ). CHPKs also phosphorylate lamin A/C, nuclear pore complex, and viral nuclear egress complex to enhance the egress of virus capsids from the nucleus (Chang et al., 2012 (Chang et al., , 2015 Hamirally et al., 2009; Lee et al., 2008; Li et al., 2015; Oberstein et al., 2015; Sharma et al., , 2015 .
In addition to protein phosphorylation, some CHPKs are responsible for the phosphorylation of the nucleoside analog drugs acyclovir and ganciclovir in virus-infected cells (Gershburg et al., 2004; Meng et al., 2010; Moore et al., 2001; Sullivan et al., 1992) . Given the important roles of CHPKs in herpesvirus infection, drugs targeting CHPKs are promising for treating herpesvirus-associated diseases. One protein kinase inhibitor, maribavir, targeting HCMV protein kinase UL97 has entered clinical trials (Prichard, 2009) . Inhibitors that can decrease the expression of CHPKs also show promise in blocking virus replication (Sun et al., 2013) .
Although significant progress has been made toward CHPK substrate identification, the functional importance of these CHPK substrates in virus replication remains to be determined. One potential CHPK target, sterile alpha motif and HD domain 1 (SAMHD1), was recently identified by our phospho-proteomic screening (Li et al., 2015) . SAMHD1 is an anti-viral host restriction factor that limits the infection of HIV-1 (Laguette et al., 2011) , HSV-1 (Hollenbaugh et al., 2013; Kim et al., 2013) , vaccinia virus (Hollenbaugh et al., 2013) , human T cell leukemia virus type 1 (Sze et al., 2013) , and hepatitis B virus (HBV) (Chen et al., 2014) . Phosphorylation of SAMHD1 by CDK1 and CDK2 plays a critical role in suppressing its lentiviral restriction. Initial studies suggest that the anti-viral restriction function, but not the deoxynucleotide triphosphate triphosphohydrolase (dNTPase) activity, of SAMHD1 is controlled by phosphorylation Welbourn et al., 2013; White et al., 2013) . However, more recent studies demonstrate that the dNTPase activity is downregulated, but not completely inactivated, by phosphorylation to finely tune the function of SAMHD1 during both viral and cellular DNA replication (Arnold et al., 2015; Badia et al., 2016; Ruiz et al., 2015; Tang et al., 2015; Wittmann et al., 2015; Yan et al., 2015) . HIV-2/simian immunodeficiency virus (SIV) virion-associated Vpx accessory proteins target SAMHD1 for rapid proteasome-dependent degradation to ensure efficient transduction of myeloid cells (Hrecka et al., 2011; Schwefel et al., 2014 Schwefel et al., , 2015 . For all other viruses restricted by SAMHD1, the viral anti-SAMHD1 restriction strategies remain to be determined.
In this study, we identify SAMHD1 as an anti-EBV restriction factor. Our results show that depletion of SAMHD1 leads to a significant increase of viral DNA replication without affecting viral protein expression. Interestingly, we demonstrate that EBV protein kinase BGLF4 interacts with and phosphorylates SAMHD1 to inhibit its dNTPase activity. More importantly, CHPKs from all three herpesvirus subfamilies interact with SAMHD1, and those from beta-and gamma-herpesviruses phosphorylate SAMHD1 in cells. Together, our results suggest that SAMHD1 is a key regulator for all herpesviruses, and CHPKs are direct viral countermeasures against SAMHD1.
RESULTS

SAMHD1 Is Phosphorylated by the EBV Protein Kinase BGLF4
To better understand the function of EBV protein kinase BGLF4 in the viral life cycle, we recently used a Stable Isotope Labeling by Amino acids in Cell culture (SILAC)-based quantitative mass spectrometry (MS) approach to identify potential targets for EBV BGLF4 (Li et al., 2015) . More than 1,000 hyperphosphorylated cellular proteins were identified in BGLF4-expressing cells. Among these proteins, we detected SAMHD1. As shown in Figure  1A , the phosphorylation of SAMHD1 on T592 is significantly increased in BGLF4-expressing cells. To further confirm these results, we monitored the phosphorylation status of SAMHD1 in Akata (EBV + ) cells carrying either control or BGLF4-expressing vectors. As expected, the phosphorylation of SAMHD1 was gradually increased with BGLF4 induction by doxycycline ( Figure 1B , lanes 4-6). In contrast, the phosphorylation of SAMHD1 was even decreased with the same treatment in the vector control cells ( Figure  1B, lanes 1-3) . Our previous study demonstrated that EBV protein kinase BGLF4 is a Small Ubiquitin-like Modifier (SUMO) binding protein. The SUMO binding-deficient mutant BGLF4 could not trigger the DNA damage response, although the BGLF4 kinase activity was not affected in vitro (Li et al., 2012 ). Here we also tested the function of this SUMO binding-deficient (m-SIM-N) mutant together with kinase-dead mutant (KD) in SAMHD1 phosphorylation. Interestingly, we found that the SUMO binding-deficient BGLF4 also triggered the phosphorylation of SAMHD1, whereas the expression of BGLF4-KD mutant reduced the phospho-SAMHD1 level ( Figure 1B , lanes 7-9 versus lanes 10-12). These results suggested that the EBV protein kinase BGLF4 triggered the phosphorylation of SAMHD1 in a kinase activity-dependent manner and the SUMO-binding function of BGLF4 was dispensable for SAMHD1 phosphorylation. The basal SAMHD1 phosphorylation levels in the four cell lines correlated with the cellular CDK2 expression, suggesting that CDK2 might be a major kinase responsible for SAMHD1 phosphorylation ( Figure 1B , lanes 1, 4, 7, and 10). In the BGLF4-KD cells, we found that the CDK1/CDK2 levels remained constant, but dephosphorylation of SAMHD1 was observed at 48 h ( Figure  1B , lane 12). One possibility is that BGLF4-KD mutant may compete with CDK1/CDK2 for binding to SAMHD1, which in turn inhibits SAMHD1 phosphorylation by these cellular kinases. By using phos-tag SDS-PAGE to separate phospho-and non-phospho-proteins (Kinoshita et al., 2006) , we found that nearly all SAMHD1 is converted to the phosphorylated form in BGLF4-expressing cells ( Figure 1C ).
To further test whether BGLF4-triggered phosphorylation of SAMHD1 is physiologically relevant during EBV lytic replication, we monitored the phosphorylation of SAMHD1 in lytically induced Akata-BX1 (EBV + ) B cells. As a control, the same immunoglobulin G (IgG) cross-linking treatment was also applied to Akata-4E3 (EBV − ) B cells. Consistent with the results from BGLF4-expressing cells ( Figure 1B ), we observed a time-dependent increase of phospho-SAMHD1 during the course of EBV lytic reactivation, which correlates nicely with the BGLF4 expression level ( Figure 2A , lanes 1-4). In contrast, the phospho-SAMHD1 level gradually decreased in Akata-4E3 (EBV − ) B cells following the anti-IgG treatment ( Figure 2A , lanes 5-8). In addition to the major phospho-SAMHD1 band (72 kDa) ( Figure 2A , arrowhead), we also noticed a 69-kDa band (Figure 2A , asterisk). This fastermigrating band was possibly derived from another isoform of SAMHD1 (Shi et al., 2014; Welbourn et al., 2012) . In addition to B cells, we also monitored the phosphorylation of SAMHD1 HeLa-(EBV + ) cells (Feng et al., 2007) following transfection of EBV BamHI-Z transactivator (ZTA) and BamHI-R transactivator (RTA) to induce EBV lytic replication. Interestingly, we found that the transfection of both ZTA and RTA triggers BGLF4 expression and SAMHD1 phosphorylation ( Figure 2B , lane 3). Together, these results suggested that the phosphorylation of SAMHD1 is mediated by EBV protein kinase BGLF4.
To unambiguously prove SAMHD1 as a direct substrate for EBV protein kinase BGLF4, we performed an in vitro kinase assay. We found that the wild-type EBV protein kinase BGLF4, but not the KD mutant, phosphorylates on SAMHD1 T592, which is similar to the phosphorylation induced by the kinase complex CDK1/Cyclin B (Welbourn et al., 2013) ( Figure 2C , lanes 1 and 3 versus 4). In contrast, we did not detect the phosphorylation signal in reactions lacking BGLF4 or ATP ( Figure 2B , lanes 2, 5, and 6). Taken together, our data suggested that EBV protein kinase BGLF4 phosphorylates SAMHD1 in vivo and in vitro.
SAMHD1 Restricts EBV Replication
Because SAMHD1 plays a critical role in restricting HIV and HSV replication, and the phosphorylation on T592 can block it anti-viral restriction function, we hypothesized that SAMHD1 is also a restriction factor for EBV. To test our hypothesis, we examined whether SAMHD1 expression affected viral protein expression. Akata-BX1 (EBV + ) cells were infected with individual single-guide RNA (sgRNA) lentivirus to deplete SAMHD1 by CRISPR/Cas9-mediated genome editing. The depletion efficiency of SAMHD1 was high for both sgRNAs compared with control ( Figure 3B , lanes 1-6 versus lanes 7-9). We measured accumulation of viral proteins during the course of EBV lytic reactivation. The levels of viral proteins in SAMHD1-depleted cells were similar to those seen in control cells, suggesting that SAMHD1 did not significantly affect the expression of viral proteins ( Figure  3B , ZTA, BGLF4, and p18 blots). To test whether SAMHD1 plays a role in EBV replication, we measured the infectious EBV particles following lytic induction by IgG cross-linking. Interestingly, we found that the relative EBV titers were significantly higher in SAMHD1-knockout cells than those in the control cells at 48 h post-lytic induction ( Figure  3B , lower panel, lanes 3 and 6 versus 9). In the EBV-replicating Akata cells, the cellular CDK1 protein level, but not CDK2, was dramatically reduced upon anti-IgG treatment ( Figure 3B , CDK1 blot), suggesting that SAMHD1 phosphorylation was not mediated by CDK1 but mainly mediated by the EBV protein kinase BGLF4 and/or CDK2 ( Figure 3B , phospho-SAMHD1 and BGLF4 blots, lanes 7-9).
To further demonstrate SAMHD1-mediated restriction toward EBV replication, we depleted SAMHD1 by a similar CRISPR/Cas9 method in the parental Akata (EBV + ) and the P3HR-1 cells. Similarly, knocking down SAMHD1 promoted EBV DNA replication in the parental Akata (EBV + ) cells ( Figure S2 ). In P3HR-1 cells, we also observed that SAMHD1 depletion significantly enhanced EBV DNA replication with minimal effects on viral protein expression following 12-O-tetradecanoylphorbol-13-acetate or phorbol-12-myristate-13-acetate (TPA) and sodium butyrate treatment ( Figure 3C , lanes 3 and 6 versus 9), reinforcing that SAMHD1 plays a key role in restricting EBV replication. Similar to SAMHD1 dephosphorylation observed in THP-1 cells differentiated by TPA treatment (Cribier et al., 2013; Kim et al., 2013; Welbourn et al., 2013) , we also noticed an initial SAMHD1 dephosphorylation upon TPA and sodium butyrate treatment of P3HR-1 cells ( Figure 3C , phospho-SAMHD1 blot, lane 7 versus 8). However, SAMHD1 phosphorylation re-emerged at 48 h post-treatment when EBV protein kinase BGLF4 was highly expressed, whereas cellular CDK1 and CDK2 levels were significantly reduced ( Figure 3C , phospho-SAMHD1 blot, lane 9), further suggesting BGLF4 may be responsible for the re-occurrence of SAMHD1 phosphorylation. To determine the cellular kinases responsible for basal level SAMHD1 phosphorylation in these EBV-positive Akata and P3HR-1 cells, we treated the cells with increasing amounts of CDK1 or CDK2 inhibitors for 48 h. We found that CDK2 and, to a lesser extent, CDK1 inhibition suppressed SAMHD1 phosphorylation in a dosedependent manner ( Figure S1 ), suggesting that both CDK1 and CDK2 contribute to SAMHD1 phosphorylation while CDK2 is the major kinase.
To further evaluate the function of SAMHD1 and its regulation by EBV BGLF4 in EBV lytic replication, we created a SAMHD1 depletion cell line using HeLa-(EBV + ) cells. The advantage of using HeLa-(EBV + ) cells is that EBV lytic replication can be triggered by ZTA and RTA transfection, and that BGFL4 can be easily knocked down by co-transfection of a plasmid encoding siBGLF4 (Gershburg et al., 2007) to evaluate the role of BGLF4-SAMHD1 axis in EBV replication. As expected, ZTA/RTA transfection triggered EBV lytic replication and SAMHD1 phosphorylation, whereas BGLF4 knocking down led to reduced SAMHD1 phosphorylation and EBV replication ( Figure 3D , lanes 2 and 3). SAMHD1 depletion significantly enhanced EBV replication and, interestingly, BGLF4 knocking down did not affect viral replication in SAMHD1-depleted cells ( Figure 3D , lanes 2 and 3), suggesting that BGLF4 promotes EBV DNA replication mainly through inhibiting SAMHD1. To corroborate these findings, we depleted SAMHD1 using a HEK293 cell line carrying BGLF4/BGLF5-knockout EBV (ΔBGLF5/BGLF5) genomes. To generate a BGLF4-knockout background, we co-transfected the control and SAMHD1-depleted cells with both ZTA and BGLF5 to induce the lytic cycle. Consistent with the results obtained above, the depletion of SAMHD1 significantly promoted EBV DNA replication even in the absence of BGLF4 ( Figure S3 , lane 2 versus 4). Although we did not observe significant changes on the expression of EBV late gene product p18 in SAMHD1-depleted Akata and P3HR-1 cells (Figure 3 ; Figure S2 ), we did notice a higher p18 level when SAMHD1 is ablated ( Figure S3 , p18 blot, lane 2 versus 4). The results obtained in HEK293 cells are consistent with most of the publications on viral DNA replication and late gene expression using similar HEK293 cells (Djavadian et al., 2016 (Djavadian et al., , 2018 McKenzie et al., 2016) . These results suggest that the higher EBV DNA level may contribute to late gene expression in a cell-type-dependent manner, or the viral DNA level in lytically induced control B cells is high enough for late gene expression.
Phospho-Mimicking SAMHD1 Promotes whereas Phospho-Deficient SAMHD1 Blocks EBV Lytic Replication
To further prove BGLF4-mediated SAMHD1 phosphorylation is important for EBV lytic replication, we created a phospho-mimicking (T592D) and a phospho-deficient (T592A) SAMHD1. We then used the SAMHD1-depleted Akaka (EBV + ) cells to reconstitute wildtype and the mutant SAMHD1. During the course of EBV lytic reactivation, the levels of viral proteins were similar among these cell lines, suggesting that SAMHD1 and its phosphorylation status did not affect the expression of viral proteins (Figure 4 , upper panel). As expected, the reconstitution of wild-type SAMHD1 suppressed EBV DNA replication (Figure 4 , lower panel, lane 3 versus 6). Interestingly, the reconstitution of phosphomimicking SAMHD1 (T592D) promoted EBV DNA replication compared with cells carrying the vector control or wild-type (WT) SAMHD1 (Figure 4 , lower panel, lane 9 versus 3 and 6). The higher DNA replication in phospho-mimicking (T592D) cells compared with the SAMHD1-depleted cells suggested that phosphorylation of SAMHD1 on T592 may even promote DNA repair and/or fork progression to promote viral DNA replication (Coquel et al., 2018; Daddacha et al., 2017) . In contrast, the phospho-deficient SAMHD1 (T592A) blocks EBV DNA replication compared with cells carrying WT SAMHD1 or T592D mutant (Figure 4 , lower panel, lane 12 versus 6 and 9). Although SAMHD1 has been implicated in cell-cycle regulation (Bonifati et al., 2016) , the depletion or overexpression of SAMHD1 had minimal effect on the cell numbers at 48 h post-lytic induction ( Figure S4 ). Together, these results indicated that SAMHD1 phosphorylation by a viral kinase plays a critical role in promoting EBV DNA replication.
EBV BGLF4 Inhibits SAMHD1 dNTPase Activity through Phosphorylation
We hypothesized that EBV protein kinase BGLF4 can alleviate the anti-viral activity of SAMHD1 through phosphorylation. To get mechanistic insights into how BGLF4 regulates SAMHD1, we measured the dNTPase activity of SAMHD1 and phospho-SAMHD1 triggered by BGLF4. SAMHD1 was first incubated with BGLF4, BGLF4-KD, CDK1/ Cyclin B, or buffer control; then SAMHD1 and phospho-SAMHD1 were activated by incubating with GTP and a mixture of all deoxyribonucleotide triphosphate (dNTP) at equal concentration. Subsequently, each individual dNTP was added to the activated SAMHD1 mixture for testing SAMHD1's dNTPase activity. Interestingly, we found that although the tetramerization of SAMHD1 was not affected by phosphorylation (Figure S5 ), phospho-SAMHD1 triggered by BGLF4 and CDK1/Cyclin B shows reduced deoxycytidine triphosphate triphosphohydrolase (dCTPase) and thymidine triphosphate triphosphohydrolase (dTTPase) activity, whereas the dATPase and dGTPase activity was less affected ( Figure 5 ). The results suggested that EBV BGLF4 promotes viral replication through selectively inhibiting SAMHD1's dNTPase activity.
Common Targeting of SAMHD1 by the CHPKs
The eight human herpesviruses diverged around 100-200 million years ago, but they each encode a CHPK (McGeoch et al., 1995) . Because the kinase domain of EBV BGLF4 shares high sequence homology with other CHPKs (Figure 6A ), we reasoned that the targeting of SAMHD1 might be a common feature for all CHPKs. To test this possibility, we transfected seven CHPKs representative of the alpha-, beta-, and gamma-herpesvirus subfamilies into 293T cells and examined the phosphorylation status of endogenous SAMHD1 in individual CHPK-transfected cells. Interestingly, we found that WT CHPKs from all beta-and gammaherpesviruses (HHV-6/7 U69, HCMV UL97, EBV BGLF4, and KSHV ORF36) induced a strong phosphorylation of SAMHD1 compared with their corresponding KD mutants and non-transfection controls [ Figure 6B , p-SAMHD1 (T592) blot, lanes 3, 5, 7, 9, and 11 versus 4, 6, 8, 10, 12, and 13] . In contrast, the alpha-herpesvirus CHPKs (HSV-1 UL13 and VZV ORF47) were unable to induce SAMHD1 phosphorylation on T592 ( Figure 6B , lanes 1 and 2). The total SAMHD1 protein level was not affected by all CHPKs, suggesting that the CHPK-induced increase of SAMHD1 phosphorylation was independent of its steadystate level. We did not notice a correlation between CHPKs expression level and their ability to phosphorylate SAMHD1. For example, CHPKs with high expression levels either did (HHV-6 U69, HCMV UL97, EBV BGLF4, and KSHV ORF36) or did not (VZV ORF47) trigger the phosphorylation of SAMHD1. CHPKs with low expression levels either did (HHV-7 U69) or did not (HSV-1 UL13) trigger the phosphorylation of SAMHD1 ( Figure  6B ). These results suggested that beta-and gamma-herpesvirus CHPKs, but not the alphaherpesvirus CHPKs, phosphorylate the T592 residue of SAMHD1.
To test whether CHPKs interact with SAMHD1 in cells, we transfected CHPKs into 293T cells and then performed co-immunoprecipitation experiments. We found that VZV ORF47, HHV6 UL69, EBV BGLF4, and KSHV ORF36 all interacted with SAMHD1 ( Figure 6C , lanes 2, 3, 5, 8, 9, and 11). KD HHV-6 U69 and EBV BGLF4 preserved the interactions with SAMHD1 ( Figure 6C, lanes 4 and 10) , suggesting that the kinase activity was not required for the interaction. We detected weak or no interactions for SAMHD1 with HSV1 UL13, HCMV UL97/UL97 KD mutant, and KSHV ORF36 KD mutant, possibly because of their low expression levels compared with other viral kinases ( Figure 6C, lanes 6 and 12) .
To further test whether other CHPKs directly phosphorylate SAMHD1, we performed in vitro kinase assays using purified CHPKs from HCMV and HSV-1. We found that the WT HCMV protein kinase UL97, but not the KD mutant, triggered a strong phosphorylation of SAMHD1 on T592, similar to that induced by EBV BGLF4 and CDK1/Cyclin B ( Figure  7A, lanes 1, 2, and 8) . In contrast, we did not detect the phosphorylation signal in reactions containing WT HSV-1 UL13 in vitro ( Figure 7A, lane 4) . To test whether UL97-induced phosphorylation of SAMHD1 is physiologically relevant during HCMV infection, we monitored the phosphorylation of SAMHD1 in HCMV-infected cells. As shown in Figure  7B , HCMV infection also triggered the phosphorylation of SAMHD1 on T592. In addition, we also confirm the previous observation that HCMV infection led to an increase in CDK1 protein level (Gill et al., 2012) . These results suggest that HCMV infection may trigger the phosphorylation of SAMHD1 by both the viral protein kinase UL97 and the cellular CDK1.
Taken together, our results suggested that antagonizing SAMHD1-mediated anti-viral activity by phosphorylation is evolutionary conserved for beta-and gamma-herpesviruses.
DISCUSSION
The alpha-, beta-, and gamma-herpesviruses have co-evolved with human over long periods of time (McGeoch et al., 1995) . Despite the numerous cellular defense mechanisms to prevent viral replication, herpesviruses are able to replicate efficiently. Not only have the viruses evolved ways to dampen the immune responses, they also have elegant strategies to counteract host restriction factors. SAMHD1, originally identified as a human homolog of mouse interferon-γ-induced protein (Li et al., 2000) , is a restriction factor for a variety of viruses including HIV-1, HSV-1, vaccinia virus, and HBV (Chen et al., 2014; Hollenbaugh et al., 2013; Kim et al., 2013; Laguette et al., 2011) . SAMHD1 also plays important roles in DNA repair and the degradation of nascent DNA at stalled replication forks (Coquel et al., 2018; Daddacha et al., 2017) . We have shown that SAMHD1 depletion leads to a significant increase in viral replication for EBV (Figure 3 ; Figure S2 ). We have demonstrated that most CHPKs counteract the restriction of SAMHD1 by phosphorylation, indicating that beta-and gammaherpesviruses have evolved within their conserved kinase an anti-SAMHD1 mechanism to foster viral DNA replication.
In contrast with HIV-2 and the related simian immunodeficiency viruses, which encode Vpx proteins to antagonize SAMHD1 through ubiquitin-proteasome-dependent degradation (Hrecka et al., 2011; Lenzi et al., 2015) , the beta-and gamma-herpesviruses utilize CHPKs to phosphorylate SAMHD1 on T592 without affecting its protein level (Figures 1, 2 , and 6). SAMHD1 phosphorylation by HCMV protein kinase UL97 was also confirmed by the Weitzman group (Kim et al., 2019) . The phosphorylation of SAMHD1 on T592 plays an important role in blocking the restriction of SAMHD1 toward HIV-1 (Arnold et al., 2015; Cribier et al., 2013; Tang et al., 2015; White et al., 2013; Yan et al., 2015) . In a transfectionbased overexpression system, it appears that the dNTPase activity is not regulated by phospho-mimicking SAMHD1 mutants White et al., 2013) . However, more recent studies support that the phosphorylation of SAMHD1 on T592 could lead to the inhibition of its dNTPase activity in low dNTP level conditions (Arnold et al., 2015; Badia et al., 2016; Ruiz et al., 2015; Tang et al., 2015; Yan et al., 2015) . Similar to cellular CDK1/ Cyclin B (Jang et al., 2016) , we show evidence that EBV protein kinase BGLF4 phosphorylates SAMHD1 and inhibits its dCTPase and dTTPase activity in vitro ( Figure 5 ).
During herpesvirus lytic reactivation, the massive viral DNA replication may require a large amount of dNTPs. Therefore, the CHPK-induced phosphorylation of SAMHD1 would ensure the dNTP supply for viral DNA replication.
Because T592 of SAMHD1 is the target site of cellular CDK1 and CDK2, our results further support the previous observation that CDK-like activity is shared by beta-and gammaherpesvirus CHPKs (Kuny et al., 2010) . Although only CHPKs from beta-and gammaherpesviruses triggered the phosphorylation of SAMHD1 on T592, the interaction of alphaherpesvirus CHPKs with SAMHD1 suggested that these kinases may also regulate SAMHD1 activity without affecting T592 phosphorylation level or with phosphorylation on different sites (Figure 6) . Alternatively, the alpha-herpesvirus CHPKs may coordinate with a second protein kinase (US3 from HSV1/2 and ORF66 from VZV) (Erazo and Kinchington, 2010; Kato et al., 2006) within this subfamily to induce the phosphorylation of SAMHD1.
In summary, our data suggest that SAMHD1 is a restriction factor for EBV, and SAMHD1 is antagonized by CHPKs ( Figure S6 ). Our findings about the mechanistic linkage between CHPKs and SAMHD1 have wide-ranging implications, especially in the discovery of viral countermeasures for SAMHD1. Furthermore, the broad anti-viral activity of SAMHD1 toward the infection of HIV, vaccinia virus, HBV, and herpesviruses suggests that SAMHD1 might control the replication of other viruses that require dNTPs to complete their life cycles, and these viruses may also have evolved with similar or different anti-SAMHD1 mechanisms.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Cell Lines and Cultures-All Akata-derived cells and P3HR-1 cells were grown in RPMI 1640 media supplemented with 10% FBS (Cat# 26140079, Thermo Fisher Scientific) in 5% CO 2 at 37°C (Li et al., 2011 (Li et al., , 2012 (Li et al., , 2015 Lv et al., 2018; Zhang et al., 2017) . HEK293 cells carrying BGLF4/BGLF5-knockout B95.8 EBV genome, 293T cells and HeLa-(EBV+) cells were grown in DMEM media supplemented with 10% FBS in 5% CO 2 at 37°C. Human MRC-5 fibroblasts were obtained from ATCC and propagated in highglucose DMEM (GIBCO BRL) supplemented with 10% FBS, 10,000 IU/liter penicillin, and 10 mg/liter streptomycin (GIBCO-BRL).
METHOD DETAILS
Plasmids Construction-Halo-BGLF4 (WT), Halo-BGLF4 (KD), Halo-UL97 (WT), Halo-UL97 (KD), Halo-UL13 (WT) and Halo-UL13 (KD) were constructed by cloning WT and KD kinases into pHTN HaloTag CMV-neo Vector (Cat# G7721, Promega) (Li et al., 2015) . The full-length SAMHD1 was cloned into a pGEX-5x-2 vector (pGEX-5x-2-SAMHD1) with an N-terminal GST tag and Factor Xa cleavage site using Gibson assembly methods (primers in Table S1) as we previous described (Zhang et al., 2017) .
SAMHD1 Depletion by CRISPR/Cas9
Genome Editing-To knockout SAMHD1, two different sgRNAs targeting human SAMHD1 were designed and cloned into lentiCRISPR v2 vector (a gift from Feng Zhang; Addgene plasmid #52961) (Sanjana et al., 2014) . Packaging 293T cells were transfected with SAMHD1 sgRNAs or a negative control (non-targeting sgRNA-NC) and helper vectors (pMD2.G and psPAX2; gifts from Didier Trono; Addgene plasmid #s 12259 and 12260) using Lipofectamine 2000 reagent (Cat# 11668019, Life Technologies). Medium containing lentiviral particles and 8 mg/mL polybrene (Sigma-Aldrich, St. Louis) was used to infect Akata (EBV+) cells, Akata-BX1 (EBV+) cells, HeLa-(EBV+) cells, P3HR-1 cells and HEK293 cells carrying a BGLF4/ BGLF5-knockout EBV (ΔBGLF5/BGLF5). Infected cells were selected in medium containing 2 μg/mL puromycin. The target guides sequences are listed in Table S1 .
Lentiviral Transduction of SAMHD1-The pLX304-SAMHD1 was purchased from DNASU Plasmid Repository. The CRISPR-resistant SAMHD1 (nucleotide G321A, silent mutation) was generated by site-directed mutagenesis using the QuikChange II site-Directed Mutagenesis Kit (Stratagene) according to the manufacturer's instructions. Subsequently, the pLX304-SAMHD1 T592D and T592A mutants were generated individually using the CRISPR-resistant SAMHD1 as a template. Primers sequences are listed in Table S1 . To prepare lentiviruses, 293T cells were transfected with lentiviral vector pLX304 containing the gene of wild-type SAMHD1, T592D or T592A mutants and the help vectors (pMD2.G and psPAX2) using Lipofectamine 2000 reagent. The supernatants were collected 48 hr after transfection and used for infection of SAMHD1-depleted (sg1) cells. Infected cells were selected in medium containing 10 μg/mL blasticidin. Expression of SAMHD1 was examined by western blot analysis.
Cell Lysis and Immunoblotting-Cells were harvested and lysed in 2x SDS-PAGE sample buffer and boiled for 5 minutes. The samples were separated on 4%-20% TGX gels (Cat# 4561096, Biorad), transferred onto PVDF membranes, and probed with primary and horseradish peroxidase-conjugated secondary antibodies.
Phos-tag SDS-PAGE-The level of SAMHD1 phosphorylation was analyzed by applying samples to 6% (w/v) acrylamide SDS-PAGE gels supplemented with 50 μM Phos-tag and MnCl 2 according to manufacturer's instructions (Wako, Cat# AAL-107) (Kinoshita et al., 2006) . This method allows simultaneous analysis of phosphoprotein isoforms and its nonphosphorylated counterpart in SDS-PAGE. The acrylamidependant Phos-tag ligand provides a phosphate affinity SDS-PAGE for mobility shift detection of phosphorylated proteins. When cell extracts were analyzed on Phos-tag acrylamide gel, cell extracts were prepared in 1x SDS-PAGE sample buffer without EDTA.
Protein Expression and Purification-Halo-tagged WT and KD CHPKs proteins were expressed and purified as previously described (Li et al., 2015; Zhang et al., 2017) . Briefly, Halo-tagged WT and KD CHPKs were transfected into 293T cells. Two T175 flasks of transfected cells were harvested 48 hr post-transfection at 100% confluence and lysed with 25 mL HaloTag Protein Purification Buffer (50 mM HEPES pH7.5, 150 mM NaCl, 1mM DTT, 1mM EDTA and 0.005% NP40/IGEPAL CA-630) with Protease Inhibitor Cocktail.
WT and KD Halo-CHPKs were enriched using the Halo-tag resin and CHPKs were eluted from the resin by washing 3 times with 0.5 mL HaloTag Protein Purification Buffer containing 20 μL Halo-TEV protease.
For SAMHD1 purification from E. coli, the pGEX-5x-2-SAMHD1 plasmid was transformed into competent E.coli BL21. The transformed bacterial were then cultured in LB media at 37°C to OD600 = 0.8. Protein expression was induced in the presence of 0.1 mM IPTG at 16°C overnight. The cells were harvested by centrifugation at 8000rpm for 10 min. The cell pellets were frozen and thawed two times and then re-suspended in PBS solution with 1 mM DTT and 0.1 mM PMSF. After sonication and centrifugation, the lysates were incubated overnight with prepared glutathione Sepharose 4B (GE Healthcare, 17-0756-01). The beads were then washed and SAMHD1 protein was eluted with elution buffer (50 mM Tris-HCl, pH 7.5, 150mM NaCl, 5 mM MgCl 2 , 0.5 mM TCEP and 10% glycerol) containing Factor Xa overnight at 4°C. The purified protein was stored at −80°C.
Immunoprecipitation Assay-293T cells were transfected with indicated plasmids using Lipofectamine 2000. The cells were harvested at 48 hr post-transfection and lysed in RIPA lysis buffer (50 mM Tris-HCl, 150 mM NaCl, 1% NP40, 1% deoxycholate, 0.1% SDS and 1 mM EDTA) containing protease inhibitors and phosphatase cocktail I and II. The immunoprecipitation was carried out as previously described (Zhang et al., 2017) .
In Vitro Kinase Assay-Each sample was incubated in 40 μL Kinase Buffer containing 0.75 (v/v) magnesium-ATP cocktail buffer (Cat# 20-113; Upstate) and 6 μL of WT and KD CHPKs or CDK1/Cyclin B (Cat# 14-450, Upstate) for 30 min at 30°C. Reaction mixtures in Kinase Buffer without ATP were included as negative controls. Finally, reaction mixtures were separated by gel electrophoresis and phospho-SAMHD1 proteins were detected by Western Blot.
Togenerate phospho-SAMHD1 for dNTPase activity assay, SAMHD1 was in vitro phosphorylated using EBV BGLF4. CDK1/Cyclin B was used as a positive control. The kinase-dead BGLF4 and buffer were included as negative controls. In a phosphorylation reaction, full-length SAMHD1 was incubated at a ratio of 50:1 (w/w) with the kinases in 10 mM Tris-HCl pH 7.5, 150 mM NaCl, 5 mM MgCl 2 , 0.5 mM TCEP and 2mM ATP. The reaction was initiated by the addition of SAMHD1 and incubated for 6 hours at 4°C. The phosphorylation of SAMHD1 on T592 was confirmed by Western Blot (Arnold et al., 2015) .
In Vitro dNTPase Activity Assay-All SAMHD1 dNTPase activity assays were performed in a reaction buffer (100 μL per reaction) containing 50 mM Tris-HCl, pH 7.5, 150 Mm NaCl, 5 mM MgCl 2 and 0.5 mM TCEP. Recombinant SAMHD1 was phosphorylated by BGLF4 or CDK1 in vitro. Non-phosphorylated SAMHD1 was similarly processed by incubating with kinase-dead BGLF4 (BGLF4-KD) or Buffer control. Then phosphorylated and non-phosphorylated SAMHD1 (1 μM) were converted to GTP-bound dimer by adding 1mM GTP for 1 min. SAMHD1 dimer was further activated by adding dNTP mixture (12.5 μM each) for 1 min. The mixture was diluted 10-fold and the substrate dCTP, dTTP, dATP or dGTP (100 μM) is added for 0 to 240 min at room temperature. The reaction samples were collected at 0, 120 and 240 min and quenched by 10-fold dilution into ice cold buffer containing 10 mM EDTA, followed by spinning through an Amicon Ultra 0.5 mL 10 kDa Alter at 16000 xg for 20 min (Jang et al., 2016; Tang et al., 2015) .
Deproteinized samples were analyzed by HPLC using a Synergi C18 Column 150 × 4.6mm (Phenomenex). The column was pre-equilibrated in 20mM ammonium acetate, pH 4.5 (buffer A). Injected samples (100 μl) were eluted with a linear methanol gradient over 14 min at a flow rate of 1 mL/min. The dN yields were quantified by integration of the calibrated UV absorption peak at 260 nm.
Chemical Cross-linking Assay-Sequential activation of SAMHD1 was performed as described in in vitro dNTPase activity assay. The reaction mixture (25 μL) was subjected to cross-linking with 2.5 mM glutaraldehyde for 10 min after 30 min of enzyme catalysis reaction. The chemical cross-linking was quenched with 1 M Tris-HCl, pH 8.0. The mixtures were separated by SDS-PAGE and analyzed by western blot (Jang et al., 2016) . Monomer and tetramer were detected with anti-SAMHD1 antibody. HCMV Infection-MRC-5 cells were either mock infected or infected at a multiplicity of infection (MOI) of 1 by HCMV virus TS15-rN, an epithelial-tropic variant of HCMV strain Towne (Cui et al., 2013) for 72 hr. Stocks of virus TS15-rN were prepared and infectious titers determined as described previously (Cui et al., 2012) .
Lytic Induction and Cell
Virus Titration-EBV titers were determined using a Raji cell infection assay (Li et al., 2011; Meng et al., 2010) . In brief, GFP-EBV recombinant virus was harvested from lytically induced Akata BX1 cells carrying sgRNAs targeting SAMHD1 or non-targeting control sgRNA. Raji cells (2 × 10 5 in 1 mL medium/well in 24-well plates) was infected with the GFP-virus and phorbol-12-myristate-13-acetate (TPA) (20 ng/ml) and sodium butyrate (3 mM) were added 24 h later. After a further 24 h, the GFP-positive Raji cells were scored using a fluorescence microscope. The number of green Raji cells was used to determine the concentration of infectious virus particles.
EBV DNA Detection-To measure cell associated viral DNA, total genomic DNA was extracted using the Genomic DNA Purification Kit (Cat# A1120, Promega). The relative viral genome copy numbers were determined by quantitative PCR (qPCR) using primers to BALF5 gene normalized by β-actin. Table S1 .
Primers sequences listed in
QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical analyses employed a two-tailed Student's t test using Microsoft Excel software for comparison of two groups. A p value of ≤ 0.05 was considered statistically significant. Values are given as the mean ± standard error of the mean (SEM) or standard deviation (SD) of biological or technical replicate experiments detailed in figure legends (indicated by the "n" in each figure legend). Technical replicates are replicate samples processed in parallel. Biological replicates are samples prepared from different sets of experiments.
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Highlights
•
SAMHD1 depletion facilitates EBV lytic replication
• EBV protein kinase BGLF4 directly phosphorylates SAMHD1
• BGLF4 phosphorylation of SAMHD1 inhibits its dCTPase and dTTPase activity • SAMHD1 is targeted by the conserved herpesvirus protein kinases Arrowhead denotes the major 72-kDa phospho-SAMHD1 band, and asterisk denotes a 69-kDa non-specific band or a phospho-SAMHD1 band derived from a SAMHD1 isoform protein.
(C) BGLF4 induces hyperphosphorylation of SAMHD1. Akata (EBV + ) cells carrying control vector (Vector) or wild-type BGLF4 were treated with doxycycline for 48 h. Cell extracts were separated using Phos-tag acrylamide gel and then analyzed with western blot using antibodies against SAMHD1 (left) and phopho-SAMHD1 (T592) (right). Different forms of SAMHD1 and phospho-SAMHD1 are indicated. HD, histidine-aspartic domain; NLS, nuclear localization signal peptide; SAM, sterile alpha motif; V, Vpx interacting domain. See also Figure S1 . (B) SAMHD1 depletion facilitates EBV replication in Akata cells. SAMHD1-depleted (sg-1 and sg-2) and control (sg-NC) Akata-BX1 (EBV + ) B cells were treated with IgG crosslinking to induce EBV lytic reactivation. Western blot analysis was performed using antibodies as indicated. β-Actin served as a loading control. Relative EBV titer of lytically induced Akata-BX1 (EBV + ) cells carrying SAMHD1-deletion or control was measured using a Raji cell infection assay. (C) SAMHD1 depletion facilitates EBV replication in P3HR-1 cells. SAMHD1-depleted (sg-1 and sg-2) and control (sg-NC) P3HR-1 cells were treated with TPA and sodium butyrate (NaBu) to induce EBV lytic reactivation. Western blots were performed using antibodies as indicated. β-Actin served as a loading control. Relative EBV DNA copy numbers were determined by qPCR using primers to BALF5 gene normalized by β-actin.
(D) BGLF4 knockdown suppresses EBV replication in SAMHD1-expressing cells, but not in SAMHD1-depleted cells. Control (sg-NC) and SAMHD1-depleted (sg-1) HeLa (EBV + ) cells were transfected with ZTA plus RTA to induce EBV lytic reactivation. The siBGLF4-expressing plasmid was co-transfected to knock down BGLF4. The transfection of si-NC served as a negative control for siBGLF4. The EBV genome copy numbers were measured by qPCR using primers specific to EBV BALF5 gene normalized by β-actin.
Representative results from three biological replicates are presented. Data are represented as mean ± SD of technical replicates (n = 3). *p < 0.05. n.s., not significant. See also Figures S1-S4. SAMHD1-depleted (sg1) Akata (EBV + ) cells were used to establish SAMHD1-expressing stable cell lines using pLX-304 lentiviral constructs containing wild-type (WT), T592D, and T592A SAMHD1. Western blot analyses show SAMHD1, ZTA, RTA, and BGLF4 expression levels in different cell lines upon IgG cross-linking as indicated. Viral DNA replication was measured by qPCR using primersto BALF5. Representative results from three biological replicates are presented. The value of Vector control at 0 h (lane 1) was set as 1. Data are represented as mean ± SD of technical replicates (n = 3). *p < 0.05; **p < 0.001. See also Figure S4 . Step 1: recombinant SAMHD1 was phosphorylated by BGLF4 or CDK1 in vitro. Non-phosphorylated SAMHD1 was similarly processed by incubating with BGLF4-KD or buffer control.
Step 2: the phosphorylated and non-phosphorylated SAMHD1 were converted to GTP-bound dimer.
Step 3: SAMHD1 dimer was further activated by adding dNTP mix for 60s.
Step 4: the mixture was diluted 10-fold and the substrate dCTP is added for 0-240 min. For analysis of other dNTP hydrolysis, 100 μM dTTP, dATP, or dGTP was added in step 4. (B) The SAMHD1 dNTPase activity (dN generation rate, pmol dN/pmol-SAMHD1/min) was analyzed by HPLC usinga Synergi C18 column 150 × 4.6 mm. Dataare represented as mean ± SEM of two independent biological replicates. *p < 0.05. n.s., not significant. See also Figure S5 . 
